21 22 current. We found that administration of a TREK-1 antagonist rescued the social memory deficits 35 and restored normal CA2 coding properties in Df(16)A +/-mice, supporting a crucial role for CA2 in 36 the encoding of novel social stimuli and social dysfunction. 37 38 39
Abstract 24 25
The hippocampal CA2 region is essential for social memory and has been implicated in 26 neuropsychiatric disorders. However, little is known about how CA2 neural activity encodes social 27 interactions and how this coding is altered in disease. We recorded from CA2 pyramidal neurons 28 as mice engaged in social interactions and found that while CA2 failed to stably represent spatial 29 location, CA2 activity encoded contextual changes and novel social stimuli. In the Df(16)A +/-30 mouse model of the human 22q11.2 microdeletion, a major schizophrenia risk factor, CA2 activity 31 showed a surprising increase in spatial coding while failing to encode social novelty, consistent 32 with the social memory deficit in these mice. Previous work has shown that CA2 pyramidal 33 neurons are hyperpolarized in Df(16)A +/-mice, likely as a result of upregulation of TREK-1 K + 34
Introduction 40 Social memory, the ability of an animal to recognize and remember a previously 41 encountered conspecific, is indispensable for a wide range of social behaviors 1 . Deficits in social 42 memory and social behavioral changes are commonly associated with neuropsychiatric disease 2 . 43
Lesion studies in both humans 3 and rodents 4 indicate that the hippocampus, a brain region well-44 known to be important for several forms of declarative memory 5 , is also necessary for encoding 45 social memory. Although the ability of hippocampal neural firing to represent spatial, contextual 46 and semantic information that may contribute to memory encoding has been well established 6-9 , 47 how hippocampus encodes and represents social information in behaviorally relevant contexts is 48 less well understood. The three-chamber interaction task. Mice explored in five sequential 10-min sessions the three chamber environment: 1) empty arena (empty session), 2) two identical novel objects (empty wire cup cage) placed in the two side chambers (objects session), 3) two familiar littermates (L1 and L2) placed one in each cup (familiar social session 1; fam1), 4) a novel mouse (N) present in one cup and the remaining littermate present in the other cup (novel session), 5) return to the two original familiar mice (familiar session 2; fam2). (b) Example CA2 neuron place cell heat maps (top). Bottom, single spikes (red dots) on top of trajectory trace (gray). Maximum firing rates in sessions 1-5 were: 7 Hz, 7 Hz, 9 Hz, 9 Hz, 5 Hz, respectively. (c) Example CA2 neuron that was nearly silent in non-social sessions 1 and 2 and that became active in social sessions 3-5. Maximum firing rates in sessions 1-5 were: interest, CA2 spatial firing was significantly more stable during four identical 10-min sessions 119 throughout a 40-minute-long habituation period to the empty three-chamber environment carried 120 out on the day prior to the three-chamber task (Figures 1e and 2b,c) , suggesting that the spatial 121 instability across the different sessions of the three-chamber task is related to alterations in the 122 content of the chambers (Figures 1f,2b) . 123
It has been suggested that CA2 spatial firing becomes more stable after the addition of a 124 social stimulus 16 , which would imply that spatial firing patterns would be more similar between 125 sessions with the same social stimuli. However, we found that the spatial correlation between 126 the two familiar mice sessions (sessions 3 versus 5; r = 0.21 ± 0.22), which contained the same 127 social stimuli at the same locations, was no greater than the spatial correlations between the 128 object and familiar social sessions (sessions 2 versus 3/5; r = 0.23 ± 0.24), or the novel and 129 familiar social sessions (sessions 3 versus 4; r = 0.25 ± 0.27; p>0.05 in all comparisons, paired t-130 tests). These results indicate that the stability of spatial information that CA2 encodes was not 131 enhanced by contextual information (Figure 2a ,c). 132 133 CA2 population activity encoded contextual but not spatial information in the three-134 chamber task 135
Several studies have shown that populations of neurons may accurately encode aspects 136 of an environment even if individual neuron firing properties do not. Thus, place fields in dentate 137 gyrus 25 and ventral CA1 26 , which have lower spatial information content compared to dorsal CA1 138 neurons, can nonetheless encode position at the population level as accurately as dorsal CA1. 139
To examine whether this was the case for dorsal CA2 pyramidal neurons, we used a machine 140 learning approach. A set of support vector machines (SVM) 27-29 using a linear kernel were trained 141 to decode the position of an animal as it explored the three chambers based on CA1 or CA2 142 population activity. Whereas the decoder based on CA1 activity accurately predicted an animal's Figure 2. CA2 spatial firing is unstable and fails to decode position. (a) Plot of Pearson's correlation (r) between place field maps in successive pairs of the five three-chamber task sessions for CA2 and CA1 neurons. Thin traces show results from individual animals and thick traces show means (n=192 CA2 neurons from 6 animals; n=87 CA1 neurons from 3 animals). Error bars show SEM. CA2 firing was less stable than CA1 firing (paired t-tests with Bonferroni correction for multiple comparisons; p = 0.02, 0.006, 0.003, 0.009). (b) CA2 place field correlations between pairs of the four 10-min habituation sessions. (c) Left, Color-coded plots of mean spatial correlations between each pair of sessions averaged over all CA2 and CA1 neurons in three-chamber task. Right, CA2 neuron correlations for pairs of sessions during the 40-min habituation period. (d) Mean error of position with support vector machine (SVM) decoding based on CA2 and CA1 population spatial firing data in three-chamber task compared to chance performance. CA1 decoding performed above chance (p<.0001, Wilcoxon rank-sum test; n=87 neurons from 3 animals) whereas CA2 did not (p>0.05; n=192 neurons from 6 animals).(e) Example of SVM position decoding with a linear kernel from CA2 and CA1 neuron firing from individual mice. Actual X-Y position trajectory (black traces) and predicted location (red traces) decoded from CA2 and CA1 firing (smoothed for visualization). Location plotted relative to center of the three-chamber environment. Next we examined whether the sensitivity of CA2 firing to contextual change 19 was 149 sufficient to decode the changes in environmental content in the five sessions of the three-150 chamber task, and whether there were any differences in decoding ability of CA2 compared to 151 CA1. Indeed, when we trained a linear decoder using CA2 population activity to determine in 152 which session an animal was engaged, the decoder performed significantly better than chance. 153
Moreover, the CA2-based decoder performed significantly better than the CA1-based decoder in 154 identifying task session (Figure 3a,b) . 155
The ability of CA2 activity to distinguish among the different sessions could result from a 156 sensitivity of neuronal firing to the differences in environmental content (context) between 157 successive sessions (e.g. presence of non-social or social cues). Alternatively, it could reflect a 158 sensitivity of CA2 firing to the passage of time independent of environmental content 15 . To 159 distinguish between these possibilities, we trained a decoder on CA2 activity in the 4 sessions of 160 the 40 min habituation period, where there was no change in content but where the passage of 161 time was similar to that in the three-chamber task. Although the decoder was able to distinguish 162 among the four habituation sessions slightly above chance level (p=0.03), decoder accuracy was 163 significantly below that observed for the three-chamber task (p=0.01; Figure 3a) , with the ratio of 164 performance accuracy to chance accuracy in the three-chamber task (2.1 ± 0.09) significantly 165 larger than in the habituation sessions (1.2 ± 0.06; p=0.002, t-test). We thus conclude that CA2 166 contains significant information about environmental content in addition to any information about 167 the passage of time. This conclusion is further supported by our finding that CA2 place fields were (a) SVM decoder performance for identifying the particular session in which a mouse was engaged in the three-chamber task or during the four 10-min sessions of empty chamber habituation (hab). Decoder trained on either CA2 (dark red) or CA1 (dark grey) firing performed significantly better than chance (lighter shaded bars): CA2, p < 0.001 (n=192 neurons from 6 animals); CA1, p < 0.01 (n=87 neurons from 3yy animals). CA2 three-chamber session decoding accuracy was significantly greater than CA1 (p < 0.01, Wilcoxon rank-sum test). Decoder trained on CA2 activity during four 10-min sessions of habituation period predicted habituation session slightly above chance (p=0.03, n=94 neurons from 4 animals). Accuracy of habituation session decoding was significantly lower than that for three-chamber session decoding (p<0.01). The ratio of performance over chance accuracy was significantly higher in the three-chamber sessions (2.1 ± 0.09) compared to habituation sessions (1.2 ± 0.06; p=0.002). (b) CA1 and CA2 color-coded decoding accuracy for all possible session pairs in three-chamber task. (c) 40/192 CA2 PNs significantly increased their firing rate in the presence of social stimuli (difference in normalized firing rate > 2 standard deviations from the non-social sessions to the social sessions, see Supplemental Figure 2 for more information). more stable in the 40 min habituation session compared to the three-chamber task (Figure 2 Figure 3c ). In addition, 12 of the 40 neurons 178 were initially silent (or nearly so) in the two preceding non-social sessions, with an initial firing rate 179 in bottom 5% of the population (<0.007 Hz; Supplemental Figure 3 ). The increase in activity did 180 not reflect random shifts in firing as only 3/192 (<2%) of CA2 cells were significantly more active 181 during the non-social sessions than the social sessions, and none fell silent during the social 182 sessions. In contrast to the enhanced social firing of CA2 neurons, only 2/87 CA1 cells showed a 183 significant increase in firing rate (z-score >2) in the social sessions compared to the preceding 184 non-social sessions, similar to the 3/87 fraction of CA1 cells that fired significantly more during 185 the non-social sessions. 186
Previous studies have found that CA2 firing responds to both novel objects and social 187 stimuli 16 whereas silencing of CA2 impairs social but not object memory 11 . These separate results 188 suggest that objects and social stimuli may differentially engage CA2 firing. We thus examined 189 whether the population response of CA2 firing to novel objects differed from its firing to social 190 stimuli by comparing CA2 population firing in the session containing the wire cup cages (novel 191 objects) to the sessions containing the social stimuli. For each CA2 neuron, we determined the 192 change in z-scored firing rate between a given session (objects or social stimuli) and its initial 193 firing rate in the empty arena (session 1) and then expressed this information as population firing (a) CA2 firing rate measured when the animal was within a 7 cm interaction zone around the cup that contained the novel animal. Same physical interaction zone used for all three social sessions (example shows the case in which the novel animal was in the left cup). (b) Mean z-scored firing rates during all social interactions in each of the three social sessions as function of time in interaction zone (192 neurons from 6 mice). Total Interaction time was divided into 50 time bins and firing rate was calculated for each bin to visualize a neuron's activity. (c) Plot of CA2 and CA1 neuron raw mean firing rates (left graphs) and z-scored mean firing rates (right graphs) in the interaction zone around the novel mouse versus the familiar littermate (the latter was averaged across the two familiar mouse sessions). Each point is a separate cell. (d) An SVM with a linear kernel trained on CA2 activity in the interaction zone performed significantly above chance in decoding interactions with a novel mouse (data from session 4) versus interactions with the familiar mouse (data from sessions 3 and 5; p < 0.0001, Wilcoxon rank-sum test; n=192 neurons from 6 mice). The CA2-based decoder failed to distinguish interactions with the same familiar mouse in session 3 (fam1) versus session 5 (fam2). A decoder based on CA1 activity failed to distinguish interactions between the novel and familiar mouse. (e) Accuracy of a linear decoder trained to distinguish left from right interaction zones in the object, fam1, novel, and fam2 sessions of three-chamber task. Left-right decoding accuracy was above chance for all sessions (p< 0.01, Wilcoxon rank-sum test) and was significantly enhanced when the novel mouse was present (p < 0.01, Wilcoxon rank-sum test, n=192 neurons from 6 mice). rate vectors to the objects or social stimuli. There was a highly significant difference in the CA2 195 population vectors for the firing rate changes in the object session compared to the social sessions 196 (p= 5.8 x 10 -37 ; Wilcoxon rank-sums test), indicating that the population of CA2 neurons was 197 indeed differentially responsive to the addition of a social stimulus compared to an inanimate 198 object (Supplemental Figure 3) . 199
200

CA2 encodes social novelty 201
To determine whether CA2 may encode specific social information that could contribute 202 to social memory, we focused on CA2 firing while an animal was exploring within a body's length 203 (7 cm) of the cups (the interaction zone), either with or without a caged mouse present ( Figure  204 4a). To limit potential spatial firing contributions, we compared CA2 firing among different 205 sessions within a single interaction zone, defined by the cup that contained the novel mouse in 206 session 4. We found that 77/192 CA2 PNs showed a significant (>2 SD) increase in firing during 207 interactions with a novel mouse compared to a familiar mouse, as seen in both color-coded plots 208 of neuronal firing-rate versus time ( Figure 4b In contrast to the enhanced firing to social novelty, individual CA2 neuron firing rates 219 around the same familiar mouse in session 3 compared to session 5 did not differ significantly 220 ( Figure 4b,c) . Moreover, only a small fraction of cells showed a z-scored firing rate difference 221 greater than 2 to the same familiar animal (5/192), similar to that predicted by chance for a normal 222 distribution. Furthermore, there was also no significant difference in the two firing rate vectors to 223 the same familiar animal (p>0.05, Wilcoxon rank-sum test). These results indicate that the 224 increased firing to a novel mouse compared to a familiar mouse measured across different 225 sessions was not simply due to the passage of time or CA2 variability (as the difference in time 226 between the two familiar mouse sessions was twice that in the novel versus familiar mouse 227 sessions). Finally, the increase in firing rate around the novel animal was not observed for CA1 Rao and colleagues 30 . Thus, not only does CA2 firing respond to a social stimulus, but CA2 firing 230 is further enhanced in the presence of social novelty. Moreover, this effect is subfield specific, 231 consistent with the importance of dorsal CA2 11,31 but not dorsal CA1 13 in social memory formation. 232
Is the increase in CA2 firing specific during interactions with a novel social stimulus or 233 does CA2 firing also increase during interactions with a novel object? As the wire cup cages 234 represented novel objects to the mice, we asked whether CA2 firing rates were higher when a 235 mouse was within the interaction zone surrounding the cups in session 2 compared to when the 236 mouse occupied the same location in the empty arena session 1. We did observe a small but 237 significant increase in CA2 z-scored firing rate as mice explored around the novel objects (0.40 ± 238 0.06) compared to the empty arena (-0.48 ± .05; p<0.01, Wilcoxon rank-sum test). However, the 239 increased firing around the novel animal (0.83 ± 0.06) was significantly greater than that around 240 the novel object (p=0.009, Wilcoxon rank-sum test; Supplemental Figure 4 ). Thus, although CA2 241 firing rate increased to both social and non-social novel stimuli, the response was significantly 242 greater for social novelty. 243
To explore further the social information content in CA2 firing, we asked whether a linear 244 decoder could detect the presence of a familiar mouse versus a novel mouse based on CA2 245 activity in the same interaction zone around the novel animal in session 4 and the familiar animal 246 in session 3 and 5 that occupied the same cup containing the novel animal (Figure 4d ). Indeed, 247 CA2 population activity accurately decoded social interactions with the novel versus familiar 248 mouse among the three social sessions. In contrast, social novelty could not be decoded from 249 CA1 population activity. Importantly, CA2 activity failed to distinguish interactions with the same 250 familiar mouse in session 3 compared to session 5. This further confirmed that CA2 responses to 251 specific social stimuli were responsible for driving decoder performance as opposed to a purely 252 time-dependent change in CA2 firing patterns over the various sessions. 253
As an additional probe of CA2 information content, we determined whether a decoder 254 could discriminate in a single session whether a subject mouse was exploring within the 255 interaction zone around the cup in the left chamber versus the cup in the right chamber, a 256 comparison that can incorporate both spatial and non-spatial cues (Figure 4e ). In all four sessions 257 that contained the identical cups (sessions 2-5), the decoder was able to determine whether an 258 animal was exploring within the left versus right interaction zones at a level significantly better 259 than chance. The ability of CA2 firing to decode left from right with two identical objects present 260 suggests that CA2 firing may contain coarse spatial information (although it is possible that 261 decoder performance is driven by subtle physical differences in the nominally "identical" objects). 262
Of interest, left-right decoder performance was significantly enhanced in the novel-familiar mice 263 session compared to either the object session or the two familiar mice sessions (Figure 4e) , 264 supporting the view that CA2 firing contained significant information on social novelty. 265
266
CA2 neurons in Df(16)A +/mice showed altered spatial, contextual and social firing 267
If the firing properties of CA2 neurons are relevant for social cognition, we might expect 268 CA2 activity to be altered in models of neuropsychiatric disease with known deficits in social 269 memory. To test this possibility, we recorded the activity of 128 CA2 neurons during the three- decreased CA2 synaptic inhibition 22 . CA2 pyramidal neurons of these mice also displayed a 274 negative shift in their resting potential as a result of an increase in TREK-1 K + channel resting 275 current 22 . We therefore also examined whether any alterations in CA2 firing and/or social memory 276 deficit in these mice could be rescued by the selective TREK-1 peptide antagonist spadin 32 , using 277 a different group of Df(16)A +/-mice (91 cells from 5 mice). 278
We found that the mean firing rate of CA2 neurons from Df(16)A +/-mice during the five 279 sessions of the three-chamber task was significantly decreased compared to that in two groups 280 of wild-type mice, unrelated wild-type mice of the same C57Bl/6J genetic background and wild-281 type littermates (Supplemental Figure 6b ). This suggests that the inhibitory effect of CA2 282 pyramidal neuron hyperpolarization may predominate over the excitatory effect of decreased 283 feedforward inhibition. Surprisingly, we also found that the spatial coding properties of CA2 284 neurons in the mutant strain were significantly enhanced so that they more closely resembled the 285 spatial coding characteristic of CA1 pyramidal cells ( Figure 5, Supplemental Figure 5 ). Thus, CA2 286 neuron spatial firing in Df(16)A +/-mice showed a significant increase in stability across the 287 sessions of the three-chamber task in (Figure 5c,d) . Moreover, the CA2 PNs had fewer and larger 288 place fields with a higher average spatial information and selectivity compared to wild-type mice 289 (Supplemental Figure 5c -f). The increase in place field stability was not due to the increase in 290 field size, as the y-axis intercept of the regression line for a plot of field size versus stability 33 was 291 significantly higher for Df(16)A +/-animals (Df(16)A +/-= 0.29 ± 0.032; wild-type = 0.15 ± 0.028; p < 292 0.001, ANCOVA). 293
As a further indication of improved spatial coding, we found that spatial location could be 294 determined at a level significantly better than chance by a linear decoder trained on CA2 PN 295 population activity in the Df(16)A +/-mice (Figure 6a,b) , in contrast to the poor decoder performance 296 based on CA2 activity in wild-type mice (Figure 2d ). Finally, although spatial decoding abilities of Are the social coding properties of CA2 neurons also altered in the Df(16)A +/-mice? 300
Indeed, we found a significant impairment in the ability of CA2 activity from these mice to encode 301 social information and social novelty (Figure 7) . Thus, CA2 neurons of Df(16)A +/-mice failed to 302
show an increase in firing around a novel social stimulus (Figure 7b In addition, the CA2 population normalized firing rate around the novel mouse in session 4 was 304 did not differ from the population firing rate around the familiar mouse in either session 3 or 5 305 (Figure 7b,c; p>0.05, Kruskal Wallis). This is in distinction to the significant difference in firing rate 306 vectors we observed for wild-type mice when exploring a familiar versus novel mouse (Figure  307 4b,c). In addition, only 3/128 CA2 PNs showed a significant increase (>2 SD) in normalized firing 308 rate when interacting with a novel animal compared to a familiar one (Figure 7c) , in contrast to 309 the 20% of cells in wild-type mice that increased their firing rate in response to social novelty 310 (Figure 4b,c) . 311
Next we examined social coding properties of CA2 in Df(16)A +/-mice by training a linear 312 decoder on CA2 population activity during periods of exploration within the same interaction zone 313 around a novel or a familiar mouse, as described above. Although the decoder was able to 314 distinguish interactions with the novel versus familiar mouse, decoder performance was only 315 barely above chance levels (p = 0.04, Wilcoxon rank-sum test). Importantly, the decoder showed 316 no improvement in its ability to discriminate between interactions with the novel versus familiar 317 mouse (session 4 versus sessions 3 and 5) compared to its ability to discriminate between 318 interactions with same familiar mouse in sessions 3 versus 5 (Figure 7e ; p=0.36, Wilcoxon rank-319 sum test). This contrasts with the effect of social novelty to significantly enhance decoder 320 performance in wild-type mice (Figure 4d ). Thus, CA2 activity in the Df(16)A +/-mice had a reduced 321 response to a social stimulus and social novelty, consistent with the deficit in social memory of 322 these mice. Decoding for novel versus familiar social stimuli was significantly greater than decoding for the same familiar mouse in wild-type and spadin-treated Df(16)A+/-mice (p < 0.001, Wilcoxon rank-sum test), but not in untreated Df(16)A+/-mice (p > 0.05, Wilcoxon rank-sum test).
TREK-1 inhibition rescued social memory and CA2 social coding deficits in Df(16)A +/mice 325
To what extent can the changes in CA2 firing in the Df (16) the spadin vehicle, had no effect on CA2 firing (Supplemental Figure 6 ). 334
Spadin administration increased CA2 neuron mean firing rate throughout the five sessions 335 of the three-chamber task to wild-type values (Supplemental Table 1 (Figure 5c,d) , properties more similar to CA2 firing properties in wild-340 type animals. Notably, spadin also decreased the spatial selectivity and information content of 341 CA2 PN firing (Supplemental Figure 5e ,f, Supplemental Table 1 ). In addition, spadin decreased 342 position decoding performance in the Df(16)A +/-mice to chance levels (Figure 6a,b) , as found for 343 wild-type mice (Figure 2d) . In contrast to its effects to degrade CA2 spatial information coding, 344 spadin enhanced the ability of CA2 population activity to decode three-chamber task session in 345 which a mouse was engaged, thus rescuing CA2 contextual coding (Figure 6c,d) . 346
Does TREK-1 antagonism with spadin also rescue the social coding properties of CA2? 347 Indeed, following spadin treatment CA2 firing in Df(16)A +/-mice around a novel mouse was now 348 significantly greater than firing around a familiar mouse (Figure 7a-d) , with 33/91 cells showing a 349 significant (>2 SD) increase (Figure 7d ), similar to the findings in wild-type mice (Figure 4) . 350
Moreover, in the presence of spadin, the CA2 population firing rate vector around the novel versus 351 familiar mice differed significantly (p,0.01, Wilcoxon rank-sum test), similar to our findings in wild-352 type mice but in contrast to uninjected or saline-injected Df(16)A +/-mice (Figure 7b,d;  353 Supplemental Figure 6 ). Finally, spadin injection rescued the normal finding that decoder 354 performance in discriminating a novel from a familiar mouse was greater than decoder 355 performance in discriminating the same familiar mouse in session 3 versus session 5 (Figure 7e ). 356
357
Systemic and CA2-selective TREK-1 inhibition rescues social memory in Df(16)A +/mice 358
If the social memory deficit in the Df(16)A +/-mice was related to impaired CA2 social 359 coding, we would expect that spadin should also rescue social memory given its ability to rescue 360 CA2 social coding. We first explored social memory performance using a direct interaction test 361 (Figure 8a-d) . In this test, a subject mouse was first exposed to a novel stimulus mouse for 2 min 362 in trial 1. The mice were then separated for 30 min and the subject mouse was then re-introduced 363 to the now familiar stimulus mouse for 2 min in trial 2. In wild-type mice social memory is normally 364 expressed as a decrease in interaction time with the stimulus mouse in trial 2 relative to trial 1, 365 reflecting the decrease in social novelty. Whereas saline-treated Df(16)A +/-mice showed no 366 decrease in social exploration in trial 2, indicative of a loss of social memory, Df(16)A +/-mice 367 treated with spadin showed a significant decrease in social interaction time in trial 2, similar to 368 that seen in wild-type mice treated with saline or spadin (Figure 8a-d) . Importantly, spadin-treated 369 Df(16)A +/-mice showed no decrease in interaction time when a second novel mouse was 370 introduced in trial 2, showing that the decrease in interaction to the same mouse encountered in 371 trial 1 was due to decreased social novelty associated with social memory, and not simply task 372 fatigue (Supplemental Figure 7b ). We also found that spadin rescued social memory performance 373 during Df(16)A +/-mouse social interactions in the three-chamber task (Supplemental Figure 7d- Trek DN (7) GFP (6) to determine whether its behavioral effect resulted from a specific action in CA2 or was mediated 376 by effects on some other brain region. We therefore we injected a TREK-1 dominant negative 377 virus (Trek-1 DN) 34 in CA2 of Df(16)A +/-and wild-type mice to decrease TREK-1 K + current 378 selectively in this region. To further limit expression to CA2 we used AAV2/5, whose serotype 379 causes it to have a natural tropism to infect CA2 compared to neighboring CA1 or CA3 regions 35 . 380 We found that Df(16)A +/-animals expressing TREK-1 DN in CA2 showed a significant 381 improvement in social memory in the direct interaction test, manifest as a decreased social 382 exploration of the now-familiar stimulus mouse in trial 2, as compared to control Df(16)A +/-animals 383 expressing GFP (Figure 8g -i). Moreover, mice expressing TREK-1 DN showed no decrease in 384 interaction time between trial 1 and trial 2 when a novel animal was introduced on trial 2, indicating 385 that the decreased interaction time to the familiar mouse in trial 2 was not due to fatigue 386 (Supplemental Figure 7c ). As a further control, we found that injection of the TREK-1 DN virus in 387 CA2 did not alter social memory performance in wild-type mice (Figure 8f ). 388
389
Discussion 391
Here we report that the firing of dorsal CA2 pyramidal neurons, which play a critical role 392 in social memory, was enhanced during an animal's interactions with a novel compared to a 393 familiar conspecific. At the population level, CA2 activity successfully decoded both social and 394 non-social contexts and discriminated between interactions with a novel versus a familiar mouse. 395
These changes in firing could reflect coding of social novelty or the increased salience of a novel 396 social stimulus compared to a familiar social stimulus. As novel conspecifics are generally 397 extremely salient stimuli, deficits in encoding of salience could also lead to social behavioral 398 deficits. While we found evidence for highly significant social and contextual coding in CA2, the 399 same neurons provided at best a weak representation of spatial information at either the single 400 cell or population level, especially compared to their neighboring CA1 neurons. Although most 401 discussions of hippocampal firing focus on location-based measures, our results indicate that this 402 fails to capture the most salient aspects of CA2 firing, especially when contextual elements in an 403 environment are changed, with the presence of a novel conspecific eliciting the strongest 404 response. 405
Although CA2 activity was clearly responsive to social stimuli, our experiments were not 406 designed to reveal whether the firing of individual CA2 neurons or the CA2 population contained 407 a representation for a social engram that encodes the social identity of a familiar conspecific, 408 enabling an animal to distinguish one familiar conspecific from another. Okuyama et al (2016) 409 reported that a subclass of neurons in ventral CA1 that project to the shell of the nucleus 410 accumbens do form a social engram, with about 10% of neurons selectively active during 411 interactions with a specific familiar mouse. Moreover, these authors found that such neurons were 412 necessary and sufficient to encode and retrieve a social memory. Unlike our results in dorsal CA2, 413 ventral CA1 neurons were not reported to increase their firing in response to social novelty. This 414 is perhaps surprising as our laboratory found that dorsal CA2 provides excitatory input to the 415 same subset of ventral CA1 that Okuyama et al identified and that this CA2 input is necessary for 416 encoding social memory 31 Consistent with the profound deficit these mice exhibit in both contextual fear memory 36 and in 422 social memory 22 , we found that the firing of CA2 pyramidal neurons in these mice show 423 diminished contextual and social responses and have a reduced ability to decode context or social 424 novelty. Surprisingly, we found that CA2 activity in these mice had improved spatial encoding 425
properties, including increased place field stability and spatial selectivity that was associated with 426 an improved ability to decode spatial location. 427
At the cellular level, CA2 neurons in the Df(16)A +/-mice were previously found to have 428 decreased feedforward synaptic inhibition in response to activation of their CA3 Schaffer collateral 429 inputs and a more negative resting potential compared to control mice 22 . The latter effect was 430 proposed to result from an upregulation of the resting K + current carried by TREK-1 channels 22 , 431 whose mRNA expression is normally highly enriched in CA2 relative to other hippocampal 432 regions 37 . These two cellular effects should have opposing actions on CA2 firing, with decreased 433 inhibition enhancing and hyperpolarization suppressing CA2 activity. Our finding that mean CA2 434 firing rate was significantly decreased in the mutant mice indicates that the net effect of the cellular 435 alterations may be dominated by membrane hyperpolarization. Consistent with this view, we 436 found that decreasing TREK-1 current by injection of the TREK-1 antagonist spadin or injection 437 of a TREK-1 DN virus in the Df(16)A +/-animals resulted in a rescue of their social memory deficits. 438
At present, the molecular mechanisms linking the loss of genes found in the microdeletion 439 to the upregulation of TREK-1 current remain unknown. It is possible that certain gene products 440 in the locus could normally suppress TREK-1 expression, for example as found for the effect of 441 micro RNA 185, which leads to the derepression of its gene target Mirta22 38 . Alternatively, as TREK-1 channel activity is regulated by a number of intracellular signaling cascades 39 the effects 443 on TREK-1 current could be indirect as a result of altered CA2 firing due to decreased inhibition 444 or altered activity in a modulatory input to CA2. 445
Why should selective TREK-1 inhibition produce an effective rescue of both social memory 446 behavior and CA2 firing properties in the Df(16)A+/-mice given that TREK-1 antagonism is not 447 expected to restore the normal level of synaptic inhibition? The two major excitatory inputs to 448 dorsal CA2 pyramidal neurons come from entorhinal cortex layer II stellate cells through the 449 perforant path and from hippocampal CA3 pyramidal neurons via the Schaffer collaterals, 450 although the net excitatory action of the latter inputs is normally suppressed by strong feedforward 451 inhibition. Of interest, Piskorowski and colleagues 22 found that the decrease in CA2 feedforward 452 inhibition in the Df(16)A +/-mice was selective for the Schaffer collateral inputs, with no change in 453 feedforward inhibition through the entorhinal cortical inputs. Thus, if CA2 were to normally receive 454 its major social information from the entorhinal cortical inputs as opposed to CA3, the rescue of 455 CA2 neuron hyperpolarization could well be sufficient to restore normal levels of CA2 social 456 information processing. That social information may arrive via the direct cortical inputs as opposed 457 to CA3 is consistent with a recent study showing that silencing dorsal CA3 did not affect social 458 memory 40 . 459
To our knowledge, our results provide the first instance of a mechanism-based 460 pharmacological rescue of the social deficits in a mouse genetic model of schizophrenia. This 461 finding is notable given the difficulty in treating the negative symptoms of schizophrenia, including 462 social withdrawal. Spadin administration also rescued the social coding deficits seen in Df(16)A +/-463 CA2 activity. Interestingly, spadin administration, in addition to rescuing social and contextual 464 coding, reverted the spatially selective firing properties of CA2 neurons to the less precise spatial 465 firing characteristic of CA2 in wild-type mice. This suggests that the increased spatial stability in 466 the Df(16)A +/-mice may actual contribute to impaired social coding by altering the normal mixed 467 selectivity of CA2 encoding to social, spatial, contextual and temporal signals to a more selective 468 coding mode dominated by spatial information. 469
The apparent gain-of-function of improved CA2 spatial coding in the Df(16)A +/-mice was 470 surprising, although pathological hyperstability of place fields has also been described in the Fmr1 471 KO mouse model of fragile X syndrome 41 . Moreover, the Df(16)A +/-mice were previously found to 472 have deficits in reward-related remapping of CA1 place fields 42 . The more stable spatial firing in 473 CA2 of the Df(16)A +/-mice may reflect a deficit in remapping in response to altered context. 474
Perhaps the pyramidal cell hyperpolarization may render CA2 neurons less sensitive to weak 475 excitatory or neuromodulatory inputs that convey contextual information. In addition, the loss of 476 CA2 feedforward inhibition through the Schaffer collateral input may shift the balance of excitatory 477 input to favor the more spatially oriented information conveyed by CA3. Finally, as CA2 is enriched 478 in receptors for the social neuropeptides oxytocin 43 and vasopressin 44-46 , improper integration of 479 these social signals could contribute to the behavioral and social coding deficits seen in the 480
Df(16)A +/-mice. 481
Our results provide further support that CA2 and its malfunction contributes importantly to 482 normal social behavior and to social behavioral abnormalities characteristic of certain 483 neuropsychiatric disorders, including schizophrenia. Moreover, our findings emphasize the 484 potential importance of CA2 and TREK-1 as a target for novel therapeutic approaches to treating 485 social endophenotypes associated with these disorders. Finally, the strong and consistent 486 correlation we observe between CA2 firing properties and social memory behavior in wild-type 487 mice, Df(16)A +/-mice, and Df(16)A +/-mice treated with spadin provides additional support for the 488 view that CA2 social firing properties contribute to the role of this region in the encoding, storage 489 and recall of social memory. 490 491 492
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